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SUMMARY

High-speed motion piciwrw were taken of inditiduid
fwel sprays from a pump injection stem. -The chungee
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ticharge+ice area, in~ection-tulwL5ngt%’ diameter,
ano?pump throttle 8ett@7were measured. % pump
was used with and witlwui a check oalve. The results
show thai the penetration of the 8Qrayti cm be controikd

Wl?by the dimemiom oj tlw injec-tmn t e tlu area of the
oa.iveopening anddticlwrge oAjice, and tlu injection-

closing pressures.
INTRODUCTION

In order to determine the suitability of a given type
of injection system for high-speed ccmpression-
ignition engine+ it is neeessary to know the operating
characteristic-s of the system. One of the most
important characteristics to be investigated is the
formation and the development of the fuel spray.
During the last five years the National Advisory Com-
mittee for Aeronautics has published considerable
information on the effects of the various factors which
control the formation and the development of the fuel
spray. Investigations have been conducted with a
mechanically operated injection valve and with auto-
matic injection valves. In them invedigations it was
newsaary to operate the injection system from a
constant source of pressure because the purpose of the
teats was to investigate the effects of such variables as
the injeetion pressure, the spray-chamber densi~, and
the discharge-orifice design.

With pump injection systems, however, the injection
pressure varies with pump speed and in some oases
with the fuel quantity delivered. T&s already con-
ducted (referWce 1) have shown that the injeotion
prcasurea affeot the penetration of the fuel spray
during the first few thousandths of a second. As this
is the time available for injection in a high-speed com-
pression-ignition engine, it is important to know how
the pressure variations in a pump injeetion system
will affeot the fuel-spray penetration and dispersion.
It is also advantageous to know the eilects of such
variables as the injection-tube length, the injection-
tube diameter, the discharge-orifice diameter, and the

injection-valve opening and closing pressures on the
penetration and dispersion of the fuel spray.

This report presents the results obtained from an
investigation made at the Langley Memorial Aero-
nautical Laboratory, Langley Field, Vs., to determine
the effect of pump speed, the dimensions of the injec-
tion tube, the pump throttle setting, the discharge-
orilice diameter, and the adjustment of the injection
valve on the penetration and dispersion of the fuel
spray. As far as was practicable the test conditions
were the same as those used by Rotbrock in his investi-
gation of the hydraulics of fuel-pump injeotion sys-
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terns. (See reference 2.) The injection valve and the
fuel pump were the same as ~ose described in refer-
ence 2. The pump was tested with and without a
check valve.

APPARATUS AND MRTHODS

A diagrammatic arrangement of the apparatus used
in this investigation is shown in Figure 1. This
apparatus is a modification of the N. A. C. A. spray
photographic equipment (reference 3) used in taking
high-speed motion pictures of a single spray disoharge
from a ~mmon-rail system. Two modifications have
been made: a qhange from the common-rail system to
the pump system of injection, and a change in the
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spray chamber so that continuous injections from n
fuel pump into the compressed air would not fog thf
chamber and prevent photobmphs from being taken
of rbsingIe spray.

In the modiiied spray chamber (@g. 2) a funnel vm
nrranged in front of the nozzle to deflect the sprays

~--$oroy chamber

f I

FIGURE2.-apraYChamlmforuseWithfod Wq?3

into a resmvoir. Releasing the funnel catch allowed
the funnel to drop below the nozzle and permitted
the spray to enter the spray chamber. With the
proper timing the funnel uncovered the valve nozzle
between pimp discharges so that there was no inter-
ferenu between the spray md the funnel.

The pump tested was a 6-cylinder commercial fuel
pump. A cross section through one of the cylinders
of the pump (fig. 3) shows its construction. The
outlets from five of the pump plungers were by-passed
to the oil reservoir and the sixth was connected to the
injection valve with a seamless steel tube having an
outside diameter approximately twice the inside
diameter.

The injection pump %s rotated by a variabk-speed
electric motor and was connected to the camshaft
through a jmv clutch. The camshaft remained sta-
tionary until engaged by this clutch. It then made
one revolution with the pump shaft. During this
revolution of the camshaft, the funnel catch was
released; the rotary switch completed the electric
circuit between the condensers and the spark gap.

The rotary switch and the p~p were timed with the
serrated coupling so that the spray was synchronized
with the discharges of the condensers. The injectiOn-
valve closing pressure instead of opening pressure was
measured b&ause of the greater accuracy of this
measurement. (Seereference 2.) The injection-valve
opening pressure was approximately 1.4 times the
closing prewure.

The fuel oil used had a specific gmvity of 0.83 nnd
an absolute viscosity of 0.022 poise at 100° l?.

Unless otherwise stated, all tests were made with a
0.020-inch diameter orifice and a 34-inch injection
tube. The discharge orhice length/diameter ratio wns
6:lindl tests.

The procedure for taking a spray photograph was
the same for all twts. The pump was brought up to
the desired speed and the throttle opened for a few
revolutions to expel all air from the injection tube.
Air was then blown through the spray chamber to clear
the glass mills and to remove suspended oil particles.
The air prwsure, unless otherwise stated, was raised
to 200 pounds per square inch, a density of 1.1 pounds
per cubic foot, which is equivaknt to the density in the
combustion chamber of an engine operating at a com-
pression. ratio of 14, and the funnel waa raised and
latched in position. When the desired film-drum

/njscf,bn fube----+h
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\peedwas reached, the pump throttle was again opened,
md after several resolutions of the pump the clutch
vas engaged. A progressive seriesof photographs was
ihusrecorded of the spray development. From these
‘ecords the spray-tip penetration curves were obtained.’
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Stern-lift records of the injection-val-re stem were
also taken in a few cases to determine the movement
of the valve stem under the pressure conditions in
the injection valve. The method #as the same as
described in reference 2.

TEST RESULTS AND DISCUSSION

SPRAY-’ITPPENETRATION

The resultsof the tests are shown by graphs on which
the penetration of the fuel spray-tip in the spray
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chamber is plotted against time. Tangents to these
curves indicate the rate of penetration of the spray
tip. A separate curve is plotted for each variable and
the efl’ect of the variablo on spray-tip penetration is
noted. Each curve is plotted from two or three tests
under the same conditions. Additional checks were
made when large variations appeared. Zero time on
the graphs refers to the start of the spray from the
orifice.

JiHeotof pump speed.—h reference 2 it was shown
that varying the pump speed added to tho. initial
pressure (approximately the valve-closing pressure) in
the injection tube instantaneous values of pressure
proportional to the veloci~ of the pump plunger.
As the initial pressure was incremed the ratio of the
pressures created by the motion of the pump plunger
to the total pressure at any instant decreased. It
has also been shown in references 1 and 4 that both
the maximum injection preswrw+ and the injection-
valve opening pressure afFect the spray-tip veloci~.
However, as the rate-of-pressare rim, after the injection
valve opens, decreases or as the ratio of the maximum
pressure to the injection-valve opening pressure
decreases it can be expected that the effect of the
injection-valvo opening pressure on the spray-tip
penetration will increase and the effect of themaximum
pressure will decremw. We can therefore expect that.
in general, m the injection-valve opening pressure

is increased the effect of pump speed on spray-tip
penetration will decrease.

In reference 2 it has also been shown that as the
pump speed is decreased a speed is reached below
which the pressure waves originating at the fuel pump
are not sufficient to hold the injection-valve stem from
the seat. This value of speed depends on the injection-
pump plunger diameter, the pump-cam contour, the ‘
injection-tube diameter, the initial pressure in the
injection tube, tlm injection-valve opening and closing
pressures, and the pressure tito which the dkcharge
takes place. It is, within practical limits, independent
of the injection-tube length. For speeds below this
value the inje-ction-valve stem will tend to oscillate,
thereby opening and closing the injection valve.
The phenomenon is somotimes accompanied by a
chattering of the injection-valve stem against its seat
during the injection period. When this phenomenon
occurs the fuel discharge instead of consisting of a
single spray wiIl consist of two or more individual
sprays following each other, generally in quick suc-
cession. Under certain circumstances the stem may
not lift sticiontly to expose a flow area gremterthan
the discha~e-oriiice area. In this case the stem and
seat together act as a variable-arm orifice. Owing
to restriction to flow the spray will not have the
penetrating ability possible were the stem fully lifted.

The effect of pump speed on the spray-tip penetra-
tion at an injection-valve closing pressure of 2,000
pounds per square inch is shown in Figure 4. In no
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case was there evidence of primary sprays before the.
main spray at pump speeds above 760 r. p. m. The
variation in maximum pressures and in the rat*of-
prtwsurerise was sufficient to cause the spray-tip pene-
tration to increase with pump speed.

Figure 5 shows the efect of low pump speeds on
the spray-tip penetration at an injection-valve closing
preesnm of 2,500 pounds per square inch. The figure
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shows that at. the two lower speeds primary sprays
appeared before the main spray. These primary sprays
were caused by the seating of the injection-valve stem
after the initial opening. After the second lifting of
the stem the pr~ure was sufficient to keep the injec-
tion-valve stem off its seat. II the main sprays at
the two lower speeds are compared with those at the
higher speeds (@. 5(b)) it is seen that the penetra-
tion of the main spray is not appreciably afhcted by
the pump speed. It may be concluded that in this
me the injection-valve closing pressurewas sufficiently
high so that the eflect of the rate-of-pressure rise and
maximum prw,ures had no appreciable &ect on the
spray-tip penetration of the main sprays. “

At low pump speeds and with an injection-valve
closing pressure of 500 pounds per square inch, the
rate-of-pressure rise and the maximum pressures

The second
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materially inihenced the penetmtion. (Fig. 6.) At
the two lower speeds prima~ sprays occurred.

F@.re 7 shows a spray photograph and stem-lift
record taken at a pump speed of 190 r. p. m. with
atmospheric pressure in the spray chamber. The
small li.ms at the top of the stem-lift record were
caused by Q spark gap placed in series with the main
gap for taking the photographs. Consequently, eoch
line corresponds to a spray photogmph. Because
tho stern record extended for more than a single revo-
lution of the fihn drum, the spray photographs and
the stem record are not synchronized. The injection-
vabre stem oscillated, thus opening and clo@ng the
injection vrdve and causing a serks of sprays. The
bouncing of the stem was eliminated when the cham-
ber pressure was increased to 200 pounds per square
inch, because of the additional force on the stem.
However, when the pump speed was decreased to
108 r. p. m. (fig. 8) the bouncing of the stem during
the whole injection period again occurred though the
chamber pr~qure was 200 pounds per, square inch.
Comptisom of I?igures 7 and .$3shows that in the

former the stem lift and consequently the pressures
were higher than in the latter.

Effect of injeotion-valve closing prewmre,—l?igure 9
shows the eflect of tlm injection-valve closing presmre
on the penetration of the tip of the main apray for a
pump speed of 47o r. p. m. The records showed that
there were primary sprays with injection-valve closing
pressures of 1,500 pounds per square inch or greater.
The iigure shows that the penetration of the main
spray increases as the injection-valve closing pressure
was increased until a value of 1,500 pounds per square
inch is reached. For this pressure the spray-tip pene-
tration decreased. As the injection-valve closing
pressure was further increased the penetration again
increased. The decrease in the penetration at tho
injection-valve closing pressure of 1,500 pounds per
square inch was probably caused by the injection-
valve stem throttling the flow of fuel past the valve
seat. Above this injection-valve closing pressure,
although throttling still occurred as has been shown in
reference 2, the pressura at the start of injection was
sdicimt to give the spray the increased penetration.

The penetration of both the primary and main sprays
for the injection-valve closing pressures of 1,500 and
2,ooO pounds per square inch is shown in Figure 10.
It is seen that the primary spray as well as the main
spray penetrated at a faster rate as the injection-valve
closing pressure was increased.

Figure 11 shows the effect of thb injectiomvalve
closing pressure on the spray-tip penetration for a
pump speed of 760 r. p. m. No primary sprays were
observed at this speed. However, as was the case with
47o r. p. m. a minimum penetration occurred at a par-
ticular injection-valve closing pressure, 2,OOOpounds
per square inch.

At low injection-valve closing pressures and a pump
speed of 760 r. p. m., it was shown in reference 2 that
the pressure-wave phenomenon caused secondmy die-
charge after Gu&off occurred at the fuel pump. Sec-
ondary discharges did not occur with the higher
injection-valve closing pressures. The photographa
showed these secondary discharges with the low valve
closing pressures, but because of the fogging of the
chamber the photographs were not clear enough to
reproduce on a half-tone photo-engraving.

Effect of injection-tube diameter,-As shown in
reference 2, it is advisable to use an injection-tube
diameter equal to or slightly greater than the critical
tube diameter so that the flow through the injection
tube will be laminar with a rwultant small pressure
loss caused by fiction. Figure 12 (a) shows that the
penetration at a pump speed of 760 r. p.m. was nearly
the same for all injection-tube diametera even when
diameters considerably less than the critical diameter
(0.098 inch) were employed. For the conditions
shown in Figure 12 (a) it may be concluded that the
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injection-valve opening and closing pressure controlled
tho spray--tippenetration.

For the pump speed of 47o r. p. m. (fig. 12 (b)) the
smaller tube gave the lower spray-tip penetration. As
the test conditions caused primary starts at the begin-

1 I I I I I I I I

Q!!!”I
i i

I I I I I I I
I

F’iiiiiiiiilo .001 .002 .(W3 .W .Om
Time, seccmd

Fmum Q—EffectrMInJ@fomwdverbb.w pre?sme
~ epmMPpm-tim. RmP m, 4mr.P.~
Wen-@k@ hs!de dlarneier,ao?’ok ‘1’obe
ler@, .?4h Oriamdlamek,O.fduin.

ning of the spray (fig. 10) the drop in rate of pene-
tration was probably due to their formation.

In order to illustrate the influence of these primmy
sprays in this instance, a comparison of Figure 10 with
Figure 12 (b) shows that the primary spray penetration
for the 0.076-inch tube falls b~ow the curve for the
primaries of the 0.041 and 0.059 inch diameter tubes,
indicating lower penetration for the 0.076-inch tube.
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However, the main spray for the 0.076-inch tube shows
greater penetration. The spray photographs for the

. 0.O4l and 0.059 inch diameter tubes show primaries
but the main sprays are not clear enough to be meas-
ured directly. Mmsurement of the clearest main
spray (0.059-inch tube) shows the main spray pene-
tration to be the same as that for the 0.076-inch tube.

The increase in penetration for the 0.125-inch tube
(470 r. p. m.) is due to laminar flow which exists in the
tube. As shown in reference 2, turbulent flow in a

tube results in friction and pressure losses which give
a low initial stem lift and a slow rise in pressure at the
injection valve+ Both conditions aid the formation of
primary sprays. With laminar flow these conditions
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are lacking and a faster rate-of-pressure rise results
which increases the penetration.

Effect of injection-tube length,-l?igure 13 shows
the effect of the injection-tube length on the spray-tip
penetration. The results show that there was littlo
variation in the spray-tip penetration for tube lengths
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between 34 and 70 inches. Because of the limitations
of the apparatus it was not possible to test injection-
tube lengths of less than 34 inches. However, it was
shown in reference 2 that the ‘instantaneous pressures
showed little variation with injection-tube lengths of
from 4 to 34 inches. Consequently, it may be assumed
that the injection-tube length does not have an appre-
ciable effect on the penetration of the fuel spray.

Effect of pump-throttle setting.-licrease in the
pump-throttle setting (ilg. 14) grovedecreased penetra-
tion. The injection periods for low throttle settings
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but the spray reached the maximum
that could be measured before cutiff

occurred. The effect of the initial pressure rise with
early cut-off should have a detennining effect on the
nction of the spray. I?rom stem-lift records (referance
2, fig. 17) the pressure rim as the valve stem is fit
lifting is more rapid at the lower throttle setting. The
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higher initird velocity of the spray gives, therefore,
an increased rati of penetration for the lower throttle
settings.

Ei7eot of oheck valve in pump,—With no check
valve in the pump there was a slight increase in the
rate of penetration over that obtained by using a
check valve, as is shown by Figure 15. The redts
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without the check valve were erratic. In reference 2,
Figure 19, the stem-lift curve obtained m&hout a
check valve in the pump shows a fader rate of stem
lift than. with rLcheck valve, indicating a greater
pressure rise and greater initial spray-tip velocity
than that obtained with a check valve in the pump, but
the injection period was materially decreased. How-

ever, later results have shown that removing
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the check
valve also decreases the toixd fuel quantity discharged.

With no check valve between the pump and the
injection tube, the tube often became air locked caus-
ing a pulsating flow in the injection tube, but no
injection. The air lock was probably caused by air
leakage horn the spray chamber past the injection-
valve seat. This air lock persisted even after the
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injection-valve c~osing pressure had been raised to
4,500 pounds per square inch. The other five plungers
would dischazge regularly into the oil reservoir. With
the check valve in the pump, any air in the tube was
forced out during the fit few revolutions.

Effect of open nozzle.-The open nozzle used in
these tests was fitted with a ball-check valve close to
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the nozzle to primnt leakage of air into the injection
line, as recommended in reference 5. With the check
valve in the pump a marked increase in the rate of
penetration was noted at 760 r. p. m. (fig. 16) over that
obtained without the check valve. The increase at
470 r. p. m. was not so noticeable. The increase in
rate of penetration was due to the fact that the closing
of the check valve trapped an initial pressure in the
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injection tube equal to the spray+hamber pressure.
This initial pressure aided in building up higher
pressures in the injection tube. Furthermore, the
check valve lessened the probability of the formation
of an air pocket in the injection tube.

The penetrationobtained with the open nozzle with
and without the check valve at the pump was less than
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that obtained with the closed nozzle under the same
conditions.

meet of orifice diameter.-Figure 17 shows the
results obtained with an 0.030-inch diameter orifice at
pump speeds of 470 and 760 r. p. m.. These curves
show a lower rate of penetration than the correspond-
ing series for the 0.020-inch orifice (fig. 15(b)) and the
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photographic record shows a decreased injection
period.

Values for the i.nst&taneous pressures (fig. 18) at
the oriike, computed by the method presented in
reference 2, show that with the 0.020-inch orifice the
instantaneous pressures were much higher than with

the 0.030-iuch ofice. These higher pressuresresulted
in a higher rate of penetration for the smaller orifice.

CONCLUSIONS

1. The test results presented show that fuel-injec-
tion pumps designed for high-speed comprewion-
ignition qgincs have satisfactory operating character-
istics over the speed range which is encountered under
load in ordinary practice. At low speeds, such aa
are used for starting and idling, the fuel injection
takes place as a series of sprays, because the fuel
pr=urea originating at the pump are not sufficient i%
maintain high injection pressures at the discharge
orifice of the injection valve. The remdts also show
that the fuel-spray characteristics are affectid by the
injection-tube diameter, the discharge-orifice area,
the pump throttle setting, and check valves placed iD
the system.

2. Increasing the injection-valve opwiing and closing
pressure increases the spray-tip penetration, decreases
the duration of the injection, and increases the ten-
dency for primary sprays to appear before the start of
injection.

3. Increasing the pump speed increases the spray-
tip penetration with low- injection-valve opening and
closing pressures, but has little effect on the penetra-
tion for high injection-valve opening and closing
pressures; decreases the injection lag; increases the
duration of the injection in pump degrees; and
decreases the tendency for primary discharge to occur.
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